Atropisomers of a series of zinc tetraphenyl porphyrins were synthesized and used as supramolecular receptors. Rotation around the porphyrin-meso phenyl bonds is restricted by installing ortho-chlorine substituents on the phenyl groups. The chlorine substituents allowed chromatographic separation of atropisomers, which did not interconvert at room temperature. The porphyrin meso phenyl groups were also equipped with phenol groups, which led to the formation of intramolecular H-bonds when the zinc porphyrins were bound to pyridine ligands equipped with ester or amide side arms. Binding of the pyridine ligands with the conformationally locked chloroporphyrins was compared with the corresponding unsubstituted porphyrins, which are more flexible. The association constants of 150 zinc porphyrin-pyridine complexes were measured in two different solvents, toluene and 1,1,2,2-tetrachloroethane (TCE). These association constants were then used to construct 120 chemical double mutant cycles to quantify the influence of chlorine substitution on the free energy of intramolecular H-bonds formed between the phenol side arms of the porphyrins and the ester or amide side arms of the pyridine ligands. Conformational restriction leads to increases in the stability of some complexes and decreases in the stability of others with variations in the free energy contribution due to intramolecular H-bonding of −5 to +6 kJ mol −1
Introduction
Many dynamic biological processes are governed by receptorligand recognition and molecular self-assembly through multiple non-covalent interactions.
1 If we want to be able to apply these strategies from Nature in the design of artificial functional complexes, a basic understanding of the role of receptor flexibility is essential. An increase or decrease in the conformational mobility of a receptor can influence the thermodynamics of binding due to changes in conformational entropy. 2 The difficulties associated with evaluating receptor flexibility is a problem for the quantitative estimation of the overall binding affinity of multivalent complexes that make multiple cooperative intermolecular interactions.
3
The parameter used to experimentally quantify chelate cooperativity in multivalent systems is effective molarity (EM). 4 EM is the ratio of the intramolecular association constant to the corresponding intermolecular association constant and provides a quantitative measure of the complementarity of receptor and ligand in non-covalent complexes. Values of EM for intramolecular covalent reactions depend strongly on conformational flexibility and ring strain. However, non-covalent systems are linked relatively loosely, and the overall entropy loss associated with the formation of multivalent complexes is less pronounced than in covalent systems. Williams et al. estimated a value of 3.7 ± 0.9 kJ mol −1 for the free energy cost of restricting an internal rotor in H-bonded complexes by comparing the binding of vancomycin with peptide ligands with different degrees of conformational freedom. 5 They also estimated the free energy cost of restricting a rotor in a hydrocarbon chain as 1.6-3.6 kJ mol −1 through analysis of the thermodynamics of hydrocarbon phase transitions. 6 Andrews et al. suggested that the free energy cost for restricting a single rotor is 2.9 kJ mol −1 , based on a statistical analysis of binding constants for a large number of drug-receptor interactions. 7 Based on the association constants of synthetic supramolecular complexes, Schneider et al. proposed a value of 0.5-1.3 kJ mol −1 for the free energy cost of restricting a single rotor. 8 The free energy cost for freezing a rotor in non-covalent complexes is significantly lower than the 5-6 kJ mol −1 found for covalent systems. 9 The reason is that the rotors are not completely frozen in the non-covalent systems, so the free energy penalty depends on the amount of residual conformational flexibility present in the complex.
In order to study the effect of receptor flexibility on the strength of intermolecular interactions, we have designed a series of chlorine-substituted zinc porphyrins where it is possible to isolate different atropisomers caused by restricted rotation around the meso phenyl bond labelled in red in Fig. 1 . 10 The introduction of substituents in the ortho positions of the meso phenyl groups of zinc tetraphenylporphyrins increases the barrier to rotation around the porphyrin-phenyl bond from around 60 kJ mol −1 to 110-130 kJ mol −1 . 11 The recognition properties of zinc porphyrins with ortho chlorine substituents on the phenyl rings, which are conformationally locked, can be compared with the corresponding porphyrins with no chlorine substituents, where the atropisomers are free to interconvert. Here we study the binding of these two classes of zinc porphyrin with pyridine ligands, which are equipped with amide groups that can make H-bonds with the phenol groups on the porphyrin periphery ( Fig. 1) . In principle, the effects of conformational restriction on the change in free energy of binding can be predicted using Boltzmann's law, eqn (1).
where W 1 is the number of free states, and W 2 is the number of bound states. Upon binding with a ligand, the number of conformational states accessible to a porphyrin receptor decreases, because not all conformations can make all of the possible H-bonding interactions with the ligand. The porphyrins used in this work exist as a mixture of four atropisomers: αααα, αααβ, ααββ, αβαβ, and the statistical ratio of populations is 1 : 4 : 2 : 1, due to the degeneracy of some of these states ( Fig. 2(a) ). Note that pyridine binding to zinc porphyrins is in fast exchange between free and bound states, so the two faces of the porphyrin are effectively equilibrated, and pairs of atropisomers are equivalent, e.g. αααα and ββββ. Thus, there are eight states in total for the free porphyrin (W 1 = 8). If the porphyrin binds to a ligand that makes four strong H-bonding interactions in addition to the zinc-pyridine coordination bond, then the αααα atropisomer will be the major species in the bound state (W 2 = 1). At room temperature, the result would be a free energy penalty of 5 kJ mol −1 , due to conformational restriction of the receptor (W 1 = 8 and W 2 = 1 in eqn (1)). For the chloroporphyrins, the conformation is locked, and the four different atropisomers can be isolated. Thus it is possible to directly measure the binding of a ligand to the αααα atropisomer ( Fig. 2(b) ). In this case, the number of conformational states of the receptor does not change (W 1 = W 2 = 1), so the expectation is that the porphyrin-ligand complex in Fig. 2(b) would be eight times more stable than the porphyrinligand complex in Fig. 2(a) , due to conformational entropy. Similarly, there is no change in conformational entropy for any of the conformationally locked atropisomers: αααβ (W 1 = W 2 = 4), ααββ (W 1 = W 2 = 2), and αβαβ (W 1 = W 2 = 1). However, not all four H-bonds can be formed for the other three atropisomers, because the side arms are preorganised in the wrong geometry. For example, the ααββ atropisomer can only make two H-bonds ( Fig. 2(c) ), so conformational restriction leads to an enthalpic penalty corresponding to breaking two ester-phenol H-bonds. In toluene, each ester-phenol H-bond contributes 3 kJ mol −1 to the overall free energy of binding. 12 The loss of H-bonding interactions would therefore cancel out the entropic benefit of conformational restriction, so the expectation is that the porphyrin-ligand complex in Fig. 2(c) would have a similar stability to the porphyrin-ligand complex in Fig. 2(a) . A similar argument applies to the αβαβ atropisomer, which can only make two H-bonds in the bound state. The αααβ atropisomer can make three H-bonds in the bound state, so the entropic benefit of conformational restriction outweighs the loss of H-bonding interactions, and the conformationally locked αααβ porphyrin-ligand complex is expected to be slightly more stable (2 kJ mol −1 ) than the porphyrin-ligand complex in Fig. 2(a) . If the ligand can only make one or two H-bonds with the porphyrin phenol groups, then all atropisomers of a conformationally flexible receptor are equally likely in the bound state. There will be no change in the atropisomer distribution on complexation, and there will be no effect on the observed association constant (W 1 = W 2 = 8). Thus the conformationally restricted porphyrins are expected to bind these ligands with the same affinity as the conformationally flexible porphyrins. However, the experimental data reported here show the situation is more complicated than these idealised theoretical considerations predict.
Approach
In order to measure the effects of conformational restriction, we used chemical double mutant cycles (DMC) to quantify the influence of the chlorine substituents on the free energy contribution due intramolecular H-bonds in a series of zinc porphyrin-pyridine ligand complexes (Fig. 3) . A DMC allows dissection of the free energy contribution due to a specific functional group interaction to the overall stability of a supramolecular complex by comparing the properties of four closely Fig. 1 Equilibrium between two atropisomers of a zinc porphyrin-pyridine complex. When R = H, rotation around the meso phenyl bond labelled in red is slow on the NMR timescale but fast on the laboratory timescale. When R = Cl, rotation is also slow on the laboratory timescale, so different atropisomers of tetraphenyl porphyrins can be isolated. related complexes. 13 In the DMC in Fig. 3 , complex A is a conformationally locked porphyrin-ligand complex held together by a coordination bond and a carbonyl-phenol H-bond. Complex B is similar, but has no H-bonds, so the difference between the free energy changes for formation of complexes A and B provides a measure of the free energy contribution of the H-bond in complex A. The difference between the free energy changes for formation of complexes C and D measures the same H-bond in a system that is conformationally flexible, because the porphyrin is missing the chlorine substituents. Thus, the difference between the A to B mutation and the C to D mutation allows us to dissect out the influence of conformational restriction on the free energy contribution due to the intramolecular carbonyl-phenol H-bond (eqn (2)). Strictly, this H-bond is an intermolecular interaction. However, the zincpyridine coordination bond is the dominant interaction, which is fully bound, so we refer to intra-complex H-bond as an intramolecular interaction.
The DMC cancels out all changes in secondary interactions in a pairwise manner (assuming that free energy contributions are additive). For example, the zinc-pyridine coordination bond may be different for the chloroporphyrins and unsubstituted porphyrins, but the DMC features two chloroporphyrin complexes and two unsubstituted porphyrin complexes. The complex B to complex D mutation measures the change in the zinc-pyridine interaction due to the chlorine substituents, and this difference is subtracted from the complex A to complex C mutation in the DMC. The chlorine substituents allow isolation of the αααα atropisomer, so that there is only one free state, and the side arms are preorganized to form the complex with four H-bonds. (c) For the ααββ atropisomer, only two of the four possible H-bonds can be formed, because the green side arms are preorganised in the wrong geometry.
Results and discussion Fig. 4 shows the structures of the conformationally locked chloroporphyrin receptors P2aCl-P4aCl and the corresponding unsubstituted porphyrin receptors P2a-P4a used in this work. Fig. 5 shows the structures of ligands equipped with ester linkers and terminal amide H-bond acceptors (Le), the corresponding ligands with only the ester linkers (Lb), the control ligands with no H-bond acceptors (Lc), and ligand Q, which was used as a competitive ligand in fluorescence displacement experiments to characterise very high affinity complexes. 
Synthesis
All ligands in the Lc series are commercially available. Syntheses of porphyrin receptors P2a-P4a, the ligand series Lb and Le and ligand Q were published previously.
14 The chloroporphyrins P2aCl-P4aCl were prepared using the route shown in Scheme 1. Suzuki coupling of 2-chloro-5-bromobenzaldehyde with 2-, 3-, or 4-methoxyphenylboronic acid gave the corresponding biphenyl aldehydes, 1, 2, and 3. The Lindsey method was used to convert the aldehydes to the corresponding free base porphyrins 4-6. 15 Deprotection of the methoxy groups with boron tribromide gave the tetrahydroxyporphyrins 7-9, and metallation using zinc acetate gave the corresponding zinc porphyrin receptors, P2aCl-P4aCl. Preparative HPLC and TLC were used to separate the atropisomers of P2aCl-P4aCl (see Experimental section for details). In total, ten of the twelve possible conformationally locked porphyrin receptors were isolated (the ααββ atropisomer of P2aCl and the αααα atropisomer of P4aCl were not formed in sufficient quantities to be isolated).
1 H NMR spectra and differences in polarity were used to distinguish between atropisomers. For example, Fig. 6 illustrates the NMR data for the 
a The ααββ atropisomer of P2aCl was not isolated. four atropisomers of P3aCl: the signals due to the pyrrole protons appear as one singlet for the αααα and αβαβ atropisomers, a multiplet for the αααβ atropisomer, and two singlets for the ααββ atropisomer. Atropisomers αααα and αβαβ, which have similar NMR spectra, were distinguished based on the R f on silica TLC plates eluting with a mixture of toluene and diethyl ether: the R f decreases in the order of polarity (αααα < αααβ < ααββ < αβαβ).
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Binding studies
The association constants for formation of the 120 complexes between the ten chloroporphyrins and the twelve ligands were measured using UV/Vis absorption titrations and fluorescence titrations in both toluene and TCE. For the most strongly bound complexes, a fluorescence displacement titration was required to measure the association constant. In these cases, the pyridine ligands were titrated into a 1 : 1 mixture of the porphyrin and ligand Q (see Fig. 5 ), which quenches the porphyrin fluorescence when it is bound but not when it is free. The association constants for the porphyrin·Q complexes were measured by UV/Vis absorption titrations and are recorded in the Experimental section.
All the titration data fit well to a 1 : 1 binding isotherm, apart from the complexes of the ααββ and αβαβ atropisomers of P4aCl with L3e in toluene. For these systems, there are additional competing equilibria, which complicate analysis of the data (see ESI †). The association constants and the corresponding data for the unsubstituted porphyrin complexes, which were reported previously, are listed in Tables 1-3. 12b The values of the association constants span over five orders of magnitude, 10 2 -10 7 M −1 . The stabilities of the complexes of the chloroporphyrins are generally higher than the corresponding stabilities of the unsubstituted porphyrin complexes. This is true for the complexes that can make H-bonds ( Fig. 7(a) ) and for the complexes that cannot ( Fig. 7(b) ). The data in Tables 1-3 suggest that the zinc-nitrogen coordination bond is enhanced by an order of magnitude by the chlorine substituents, but Fig. 7(c) shows that this effect (effectively the Cl⋯L interaction) is removed by the DMC. Fig. 8 illustrates the effect of the chlorine substituents on the stabilities of the P3a complexes. In general, the P3aCl complexes are more stable than the P3a complexes, but there are atropisomer specific patterns. The increase in stability is generally highest for the αβαβ atropisomer, whereas some of the 
a Measured by manual displacement fluorescence titration. b Measured by manual fluorescence titration.
complexes of the αααα atropisomer are significantly less stable than the corresponding P3a complex. These results are quite different from the theoretical predictions based on numbers of bound and free states discussed above. The complex of the P3a αααα atropisomer with L6e is the system illustrated in Fig. 2(b) . This complex can make four H-bonds and was predicted to be more stable than the P3a complex by a factor of eight, but it is less stable by a factor of two. As explained above, the differences in Fig. 8 include the effect of the chlorine substituents on the strength of zinc-pyridine interaction, and the DMC is required to dissect out this effect. 
a The αααα atropisomer of P4aCl was not isolated. b The titration data did not fit to a 1 : 1 binding isotherm (see ESI) ). Data for the different atropisomers are coloured red (αααα), blue (αααβ), green (ααββ) and yellow (αβαβ).
DMC analysis
The influence of the chlorine substituents on the free energy contribution due to intramolecular H-bonding was determined using the data in Tables 1-3 and eqn (2). The results are summarized in Tables 4-7 . Fig. 9 shows the two different DMCs used for the analysis of intramolecular H-bonds with the linker esters ( Fig. 9(a) ) and for H-bonds with the terminal amides of the Le ligands (Fig. 9(b) ). The influence of the chlorine substituents on the free energy contribution due to intramolecular H-bonds ranges from −5 to +6 kJ mol −1 . For some of the complexes that do not make any intramolecular H-bonds in the P3a complexes, large positive values of ΔΔG°a re observed, and the differences are as high as +7 kJ mol −1 . This implies that the DMC does not simply measure the effects of conformational restriction, and there must be adverse steric interactions in the complexes of the chloroporphyrins. The effects are largest for the L2b and L3b ligands, where the ligand side chains are close to the porphyrin meso substituents. No steric effects are apparent for ligands L1b and L4b, where the Table 4 Influence of the chlorine substituents on the total free energy contribution due to ester-phenol H-bonds in complex A of the DMC in Fig. 9 (a) (ΔΔG°/kJ mol . Entries for complexes that do not make detectable H-bonds for the corresponding unsubstituted porphyrins are given in italics.
b These atropisomers were not isolated. Table 5 Influence of the chlorine substituents on the total free energy contribution due to ester-phenol H-bonds in complex A of the DMC in Fig. 9(a) . Entries for complexes that do not make detectable H-bonds for the corresponding unsubstituted porphyrins are given in italics.
b These atropisomers were not isolated. Table 7 Influence of the chlorine substituents on the total free energy contribution due to amide-phenol H-bonds in complex A of the DMC in . Entries for complexes that do not make detectable H-bonds for the corresponding nonchlorinated porphyrins are given in italics.
b These atropisomers were not isolated. Table 6 Influence of the chlorine substituents on the total free energy contribution due to amide-phenol H-bonds in complex A of the DMC in . Entries for complexes that do not make detectable H-bonds for the corresponding nonchlorinated porphyrins are given in italics.
b These atropisomers were not isolated.
c The titration data did not fit to a 1 : 1 binding isotherm (see ESI).
substituents are in the 4-position on the pyridine ligands and are directed away from the porphyrin meso substituents. Fig. 10 compares the influence of the chlorine substituents on free energy contributions of intramolecular H-bonds in TCE with corresponding values in toluene. The trends in two solvents are in good agreement indicating that there are no significant solvent effects in these systems (other than modulating the intrinsic H-bonding properties of the functional group interactions). Fig. 11 and 12 compare the influence of the chlorine substituents on the free energy contribution due to intramolecular H-bonds for two-armed ligands with the corresponding onearmed ligands. There is a reasonable correlation for the linker ester-phenol H-bonds (Fig. 11) , which indicates that free energy contributions from the ligand side arms are approximately additive, validating the DMC approach. For the terminal amide-phenol H-bonds, the picture is more complicated (Fig. 12) . For the short arm ligands (L2e and L3e), the free energy contribution due to H-bonding increases when the chlorine substituents are introduced (ΔΔG°< 0), but for the long arm ligands (L5e and L6e), the free energy contribution due to H-bonding decreases when the chlorine substituents are introduced (ΔΔG°> 0). In addition, the results for the long arm ligands deviate significantly from the ΔΔG°(2) = 2ΔΔG°(1) line. There are a group of outliers in Fig. 12 for which ΔΔG°≈ 0 for the one arm ligand (L5e), but ΔΔG°is a large positive number for the two arm ligand (L6e). The reason is that L6e is Fig. 10 Influence of the chlorine substituents on the free energy contribution due to intramolecular H-bonds measured in TCE compared with corresponding values measured in toluene (ΔΔG°/kJ mol −1 ).
Fig. 11
Influence of the chlorine substituents on the free energy contribution due to intramolecular ester-phenol H-bonds for ligands with two identical side arms, ΔΔG°(2), compared with data for the corresponding one-armed ligands, ΔΔG°(1). Ligands with long arms (L5b and L6b) are shown in grey and ligands with short arms (L2b and L3b) in black. The line corresponds to ΔΔG°(2) = 2ΔΔG°(1).
the ligand that can make four H-bonds with the unsubstituted porphyrins, and this is geometrically impossible in the conformationally locked complexes, with the exception of the αααα atropisomer (see Fig. 2(c) ).
Conclusions
Atropisomers of a series of zinc tetraphenyl porphyrins were synthesized, and the binding properties with a series of pyridine ligands were measured. Rotation around the porphyrinmeso phenyl bonds is restricted by installing ortho-chlorine substituents on the phenyl groups. The chlorine substituents allowed chromatographic separation of atropisomers, which did not interconvert at room temperature. The binding properties of these porphyrins were compared with the corresponding porphyrins lacking the chlorine substituents, where the atropisomers are free to interconvert. This comparison provides some insights into the effects of conformational restriction on intramolecular H-bonds formed between H-bond donors on the porphyrin periphery and H-bond acceptor side arms on the ligands. The chloroporphyrins bind all of the pyridine ligands more strongly than the corresponding unsubstituted porphyrins, due to an electronic effect on the Lewis acidity of the zinc. In order to measure the influence of conformational restriction on intramolecular H-bond formation, double mutant cycles (DMC) were used to dissect out the influence of the chlorine substituents on the free energy contributions due to intramolecular H-bonding in these complexes. However, the results differ from the expectations based on a theoretical analysis of the number of free and bound states. For example, the αααα atropisomer has all of the H-bond donors on the porphyrin receptor preorganised to maximize H-bonding interactions with the ligands, but substantial increases in the magnitude of the free energy contribution due to intramolecular H-bonding were not observed. For some atropisomers, the H-bonding groups are preorganised in a conformation that prevents formation of all of the H-bonds that are formed with the more conformationally flexible unsubstituted porphyrin, and for these systems a decrease in the magnitude of the free energy contribution due to intramolecular H-bonding was observed. The chloroporphyrins appear to be more sensitive to the size of ligands with large adverse steric effects observed for some ligand families. The combination of steric effects and conformational restriction makes it difficult to draw general conclusions.
Experimental section
Synthesis
All reagents were obtained from commercial sources and were used directly without further purification. Thin layer chromatography was carried out using silica gel 60F (Merck) with aluminium sheets as the base. The atropisomers of the porphyrins were separated by preparative HPLC (Varian Prostar system or Shimadzu system) or preparative thin layer chromatography on silica plates (Aldrich chemical company).
Compound 1. Degassed THF (125 ml), toluene (125 ml) and water (5 ml) were added to a mixture of 2-methoxyphenyl boronic acid (7.08 g, 46.4 mmol), Pd(0)(PPh 3 ) 4 (0.80 g, 0.68 mmol) and sodium carbonate (6.07 g, 57.3 mmol) protected by a nitrogen atmosphere. 2-Chloro-5-bromobenzaldehyde 14 (10.0 g, 46 mmol) was added to this mixture. The reaction mixture was stirred at 105°C for 36 h. The solution was allowed to cool, and then the solvent was removed on a rotary evaporator. The residue was dissolved in dichloromethane (250 ml) and then was washed with aqueous sodium hydrogen carbonate (10% w/v, 100 ml), brine (100 ml), and dried with sodium sulfate. The solvent was removed on a rotary evaporator, and the residue was purified on silica eluting with dichloromethane/hexane. The product was isolated as a colourless solid (9.18 g, 70%). 1 H NMR (300 MHz, 7, 160.1, 140.4, 140.1, 136.9, 133.5, 132.5, 130.9, 130.1, 127.6, 119.4, 113.6, 112.7, 55.4 , 2971, 2874, 2759, 1695, 1601, 1498, 1468, 1299, 1258, 1174, 1122, 1051, 821 ; M.p. = 56-57°C. Compound 2. Degassed THF (125 ml), toluene (125 ml) and water (5 ml) were added to a mixture of 3-methoxyphenyl boronic acid (7.08 g, 46.4 mmol), 2-chloro-5-bromobenzaldehyde 16 (10.0 g, 46 mmol), Pd(0)(PPh 3 ) 4 (1.62 g, 1.38 mmol) and sodium carbonate (6.07 g, 57.3 mmol) protected by a nitrogen Fig. 12 Influence of the chlorine substituents on the free energy contribution due to intramolecular amide-phenol H-bonds for ligands with two identical side arms, ΔΔG° (2), compared with data for the corresponding one-armed ligands, ΔΔG°(1). Ligands with long arms (L5e and L6e) are shown in grey and ligands with short arms (L2e and L3e) in black. The line corresponds to ΔΔG°(2) = 2ΔΔG°(1).
atmosphere. The reaction mixture was stirred at 105°C for 24 h. The solution was allowed to cool, and then the solvent was removed on a rotary evaporator. The residue was dissolved in dichloromethane (250 ml and then washed with aqueous sodium hydrogen carbonate (10% w/v, 100 ml), brine (100 ml), dried with sodium sulfate. The solvent was removed on a rotary evaporator, and the residue was purified on silica eluting with dichloromethane/hexane. The product was isolated as a colorless solid (7.34 g, 56%) . , 2969, 2865, 2761, 1689, 1611, 1586, 1472, 1268, 1255, 1187, 1166, 1065, 817 ; M.p. = 60-61°C. Compound 3. Degassed THF (125 ml), toluene (125 ml) and water (5 ml) were added to a mixture of 4-methoxyphenyl boronic acid (7.08 g, 46.4 mmol), Pd(0)(PPh 3 ) 4 (0.80 g, 0.68 mmol) and sodium carbonate (6.07 g, 57.3 mmol) protected by a nitrogen atmosphere. 2-Chloro-5-bromobenzaldehyde 14 (10.0 g, 46.0 mmol) was then added into the mixture and was stirred at 105°C for 36 h. The solution was allowed to cool, and then the solvent was removed on a rotary evaporator. The residue was dissolved in dichloromethane (250 ml) and then washed with aqueous sodium hydrogen carbonate (10% w/v, 100 ml), brine (100 ml), dried with sodium sulfate. The solvent was removed on a rotary evaporator and the residue was purified on silica eluting dichloromethane/hexane. The product was isolated as a colorless solid (8.16 g, 62%). 2924, 2870, 2751, 1693, 1606, 1517, 1465, 1257, 1250, 1179, 1116, 1033, 843 ; M.p. = 67-68°C. Compound 4. Boron trifluoride diethyl etherate (0.50 ml, 4.00 mmol) was added to a degassed mixture of pyrrole (0.70 ml, 10.0 mmol), compound 1 (2.46 g, 10.0 mmol), ethanol (6.50 ml) and dichloromethane (1000 ml) protected by a nitrogen atmosphere. The reaction mixture was stirred for 90 min, then 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) (2.27 g, 10 mmol) was added, and the reaction mixture was stirred for a further 1 h. Triethylamine (5.60 ml, 40.0 mmol) was added, and the reaction mixture was stirred for 15 min. The solvent was removed on a rotary evaporator, and the residue was purified on silica eluting with dichloromethane. The product was isolated as a purple solid (0.97 g, 33% Compound 5. Boron trifluoride diethyl etherate (0.50 ml, 4.00 mmol) was added to a degassed mixture of pyrrole (0.70 ml, 10.0 mmol), compound 2 (2.46 g, 10.0 mmol), ethanol (8.90 ml) and dichloromethane (1300 ml) protected by a nitrogen atmosphere. The reaction mixture was stirred for 90 min, then 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) (3.32 g, 14.6 mmol) was added, and the reaction mixture was stirred for a further 1 h. Triethylamine (8.20 ml, 58.6 mmol) was added, and the reaction mixture was stirred for another 15 min. The solvent was removed on a rotary evaporator, and the residue was purified on silica eluting with dichloromethane. The product was isolated as a purple solid (1.09 g, 37% Compound 6. Boron trifluoride diethyl etherate (0.50 ml, 4.00 mmol) was added to a degassed mixture of pyrrole (0.70 ml, 10.0 mmol), compound 3 (2.46 g, 10.0 mmol), ethanol (8.90 ml) and dichloromethane (1320 ml) protected by a nitrogen atmosphere. The reaction mixture was stirred for 90 min, then 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) (3.32 g, 14.6 mmol) was added, and the reaction mixture was stirred for a further 1 h. Triethylamine (7.20 ml, 51.6 mmol) was added, and the reaction mixture was stirred for another 15 min. The solvent was removed on a rotary evaporator, and the residue was purified on silica eluting with dichloromethane. The product was isolated as a purple solid (0.97 g, 33% Boron tribromide (0.96 ml, 10.0 mmol) in dichloromethane (52.0 ml) was added dropwise to compound 4 (0.59 g, 0.50 mmol) in dichloromethane (52.0 ml) protected by a nitrogen atmosphere at 0°C over a period of 30 min. The solution was allowed to warm to room temperature and stirred for 24 h. The reaction mixture was then cooled to 0°C. Methanol (13 ml) and triethylamine (13 ml) were added dropwise, and the reaction mixture was allowed to warm to room temperature. The solvent was removed on a rotary evaporator, and the residue was dissolved in ethyl acetate (260 ml), washed with water (4 × 200 ml), brine (200 ml), dried with sodium sulfate. The solvent was removed on a rotary evaporator, and the residue was purified on silica eluting with a mixture of dichloromethane and ethyl acetate. The product was isolated as a purple solid (0.431 g, 77%).
1 H NMR (300 MHz, CDCl 3 ): δ H = 9. 58-9.67 (m, 4H), 8.90-8.99 (m, 8H), 8.44-8.55 (m, 4H), 8.03-8.21 (m, 8H), 7.22-7.59 (m, 12H), 6.74-6.90 (m, 4H) , −2.81 (s, 2H).
Compound 8. Boron tribromide (0.96 ml, 10.0 mmol) in dichloromethane (52.0 ml) was added dropwise to compound 5 (0.59 g, 0.50 mmol) in dichloromethane (52.0 ml) protected by a nitrogen atmosphere at 0°C over a period of 30 min. The solution was allowed to warm to room temperature and stirred for 24 h. The reaction mixture was then cooled to 0°C. Methanol (13 ml) and triethylamine (13 ml) were added dropwise, and the reaction mixture was allowed to warm to room temperature. The solvent was removed on a rotary evaporator, and the residue was dissolved in ethyl acetate (260 ml), washed with water (4 × 200 ml), brine (200 ml), dried with sodium sulfate. The solvent was removed on a rotary evaporator, and the residue was purified on silica eluting with a mixture of dichloromethane and ethyl acetate. The product was isolated as a purple solid (0.392 g, 70%).
1 H NMR (300 MHz, CDCl 3 ): δ H = 9. 71-9.78 (m, 1H), 8.85 (s, 8H), 8.36-8.55 (m, 4H), 8.06-8.09 (m, 4H), 7.93-8.00 (m, 4H), 7.49-7.57 (m, 4H), 7.13-7.19 (m, 4H), 6.87-6.97 (m, 8H) , −2.70 (s, 2H).
Compound 9. Boron tribromide (0.96 ml, 10.0 mmol) in dichloromethane (52.0 ml) was added dropwise to compound 6 (0.59 g, 0.50 mmol) in dichloromethane (52.0 ml) protected by a nitrogen atmosphere at 0°C over a period of 30 min. The solution was allowed to warm to room temperature and stirred for 24 h. The reaction mixture was then cooled to 0°C. Methanol (13 ml) and triethylamine (13 ml) were added dropwise, and the reaction mixture was allowed to warm to room temperature. The solvent was removed on a rotary evaporator, and the residue was dissolved in ethyl acetate (260 ml), washed with water (4 × 200 ml), brine (200 ml), dried with sodium sulfate. The solvent was removed on a rotary evaporator, and the residue was purified on silica eluting with a mixture of dichloromethane and ethyl acetate. The product was isolated as a purple solid (0.364 g, 65%).
1 H NMR (300 MHz, CDCl 3 ): δ H = 9. 63-9.72 (m, 4H), 8.83 (s, 8H), 8.46-8.61 (m, 4H), 8.10-8.13 (m, 4H), 7.94-7.99 (m, 8H), 7.71-7.77 (m, 4H), 6.83-6.86 (m, 8H) , −2.77 (s, 2H).
P2aCl Zinc acetate (0.73 g, 4.00 mmol) was added to compound 7 (0.22 g, 0.20 mmol) in dichloromethane (36.0 ml) and methanol (4.00 ml). The reaction mixture was stirred for 6 h protected by a calcium chloride drying tube. The solvent was removed on a rotary evaporator, and the residue was purified on basic alumina eluting with dichloromethane : methanol (95 : 5). The product was isolated as a purple solid (0.177 g, 75%).
1 H NMR (300 MHz, DMSO-d 6 ): δ H = 9.69-9.76 (t, 4H, J = 10), 8.79 (s, 8H), 8.30-8.50 (m, 4H), 8.05 (dd, 4H , J = 2, J = 8), 7.96 (t, 4H, J = 8), 7.50-7.59 (m, 4H), 7.14-7.22 (m, 4H), 6.87-6.99 (m, 8H) ; UV/Vis (CHCl 3 ) λ max /nm (ε/mol −1 cm 2 ) 435 (ε = 1.2 × 10 5 ), 557 (ε = 1.1 × 10 4 ), 593 (ε = 2.1 × 10 3 ); M.p. ≥ 260 (decomp.)°C. P2aCl was further separated into three atropisomers by preparative TLC silica plate using toluene : ether (8 : 2). The silica plate was developed in the toluene and ether solvent mixture, dried out, and then developed again. The development and drying out processes were repeated multiple times until a good separation was achieved. P2aCl α 95-8.83 (m, 8H), 8.72-8.63 (m, 4H), 8.62-8.57 (m, 1H), 8.54-8.48 (m, 2H), 8.41 (d, 1H, J = 2), 8.12-8.04 (m, 4H), 7.98-7.85 (m, 4H), 7.66-7.54 (m, 4H), 7.25-7.14 (m, 4H), 7.06-6.91 (m, 8H) .00 mmol) was added to compound 8 (0.34 g, 0.30 mmol) in dichloromethane (54.0 ml) and methanol (6.00 ml). The reaction mixture was stirred for 12 h protected by a calcium chloride drying tube. The solvent was removed on a rotary evaporator, and the residue was purified on basic alumina eluting with dichloromethane : methanol (95 : 5). The product was isolated as a purple solid (0.209 g, 59% P4aCl Zinc acetate (0.73 g, 4.00 mmol) was added to compound 9 (0.22 g, 0.20 mmol) in dichloromethane (25.0 ml) and methanol (1.25 ml). The reaction mixture was stirred for 24 h protected by a calcium chloride drying tube. The solvent was removed on a rotary evaporator, and the residue was purified on basic alumina eluting with dichloromethane : methanol (95 : 5). The product was isolated as a purple solid (0.203 g, 86% 
Automated UV/Vis absorption titrations
UV/Vis titrations were carried out using a BMG FLUOstar Omega plate reader equipped with a UV/Vis detector and equilibrated at 298 K. A 5 ml solution of porphyrin was prepared at known concentration (1-5 µM) in spectroscopic grade solvent. A 10 ml solution of ligand was prepared at known concentration (8-40 000 µM) using spectroscopic grade solvent. 150 µl of the porphyrin solution was added to a well of a Hellma quartz microplate, and the absorbance at five wavelengths was recorded. Aliquots of the ligand solution (3, 6 or 10 µl) were successively added to the well, and the absorbance was recorded after each addition. Changes in absorbance were fit to a 1 : 1 binding isotherm in Microsoft Excel to obtain the association constant. Each titration was repeated at least three times, and the experimental error is quoted as twice the standard deviation at a precision of one significant figure.
Automated fluorescence titrations
Fluorescence titrations were carried out at 298 K using the BMG FLUOstar Omega plate reader equilibrated. A 10 ml solution of porphyrin was prepared at known concentration (0.1-1 µM) in spectroscopic grade solvent. A 10 ml solution of ligand was prepared at known concentration (5-63 µM) using spectroscopic grade solvent. 150 µl of the porphyrin solution was added to each of 12 wells of a Hellma quartz microplate. Different volumes of ligand solution (0-150 µl) were added to each well and solvent was added to give a total volume of 300 µl. The excitation wavelength was set at 420 or 430 nm, and the fluorescence emission was measured at four wavelengths (590, 600, 620 and 650 nm) for each well. Changes in fluorescence emission were fit to a 1 : 1 binding isotherm in Microsoft Excel to obtain the association constant. Each titration was repeated at least three times, and the experimental error is quoted as twice the standard deviation at a precision of one significant figure.
Manual fluorescence titrations
Fluorescence titrations were carried out at 298 K using a Hitachi F-4500 Fluorescence Spectrophotometer. A 10 ml solution of porphyrin at known concentration (0.04-0.05 µM) was prepared in spectroscopic grade solvent. Then 2 ml of this host solution was loaded into a 1 cm path length fluorescence cuvette, and the fluorescence emission spectrum was recorded between500 and 750 nm exciting at 427 nm. A 2 ml stock solution of ligand (0.1-1 µM) was prepared by dissolving the ligand in the host stock solution, so that the concentration of host remained constant throughout the titration. Aliquots of ligand stock solution were added successively to the cuvette, and the emission spectrum was recorded after each addition. Changes in fluorescence emission were fit to a 1 : 1 binding isotherm in Microsoft Excel to obtain the association constant. Each titration was repeated at least three times, and the experimental error is quoted as twice the standard deviation at a precision of one significant figure.
Fluorescence displacement titrations
Fluorescence displacement titrations were carried out at 298 K using a Hitachi F-4500 fluorescence spectrophotometer. A 20 ml solution of ligand Q at known concentration (about 10 mM) was prepared using spectroscopic grade solvent. A 10 ml solution of porphyrin was prepared at known concentration (about 0.5 µM) by dissolving the porphyrin in the Q stock solution. A 2 ml stock solution of ligand L was prepared at known concentration (about 1 µM) by dissolving L in the porphyrin-Q stock solution, so that the concentration of the porphyrin and Q remained constant throughout the titration. 2 ml of the porphyrin-Q stock solution was loaded into a 1 cm path length fluorescence cuvette, and the fluorescence emission spectrum was recorded between 500 and 750 nm exciting at 427 nm. Aliquots of the L stock solution were added successively to the cuvette, and the emission spectrum was recorded after each addition. Microsoft Excel was used to fit the fluorescence emission intensity at fixed wavelengths to a 1 : 1 binding isotherm with a linear correction to allow for nonspecific effects. This gave the apparent association constant, K app , which was used to determine the association constant for formation of the porphyrin-ligand complex using eqn (3).
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Each titration was repeated at least three times, and the experimental error is quoted as twice the standard deviation at a precision of one significant figure (Table 8) .
